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’ INTRODUCTION

Dicesium dodecahydro-closo-dodecaborate, Cs2B12H12, is the
heavy cousin of the lighter alkali-metal dodecahydro-closo-dode-
caborates (e.g., Li2B12H12 and Na2B12H12), which have particular
importance in current hydrogen-storage research, as they are
known to be side-products in the dehydrogenation of the corre-
sponding alkali-metal tetraborohydrides.1 These compounds are
ionically bonded salts comprised of alkali-metal cations and
dodecahydro-closo-dodecaborate (i.e., B12H12

2�) icosahedral an-
ions. Fundamental information concerning B12H12

2� bonding
potentials and dynamics, which are largely unknown, may provide
valuable insights for understanding their stability and reactivity.

Recent 1H and 11B NMR spectroscopy results2 suggest that
the B12H12

2� anions in the alkali-metal salts undergo rapid
reorientational motions, with the motional frequency at a given
temperature increasing as the cation radius and unit-cell dimen-
sions increase. In order to explore the details of the anion
motions, we investigated the dynamics of B12H12

2� anions by
neutron scattering techniques. To observe anion dynamics at
reasonably low temperatures, we chose Cs2B12H12, the salt with
the largest alkali-metal cation (and hence the largest lattice
constant). We probed both the B12H12

2� reorientational dy-
namics by quasielastic neutron scattering (QENS) and the
torsional and translational vibrational modes by neutron

vibrational spectroscopy (NVS). In isolation, the B12H12
2�

anion is a regular icosahedron (depicted in Figure 1) but is
susceptible to symmetry breaking by its environment.3,4

Cs2B12H12 crystallizes in the cubic space group Fm3.
5 No phase

transition was observed with DSC measurements2 over the
temperature range of 123�673 K.

’EXPERIMENTAL METHODS

Isotopically labeled Cs2
11B12H12 (>98% chemical purity,

99.5% isotopic purity) was purchased from Katchem.6 The
neutron absorption cross-section for 10B is 7 orders of magnitude
greater than that of 11B, and the elimination of the 10B isotope
from the sample increases neutron transmission considerably.
Prior to use, the material underwent vacuum dehydration at
300 �C for 4 h. The material was subsequently handled in a He-
atmosphere glovebox. Data were collected from a polycrystalline
powder that was contained in either an aluminum foil packet
shaped into an annular geometry inside a cylindrical aluminum
can or a steel foil packet inside a copper can. The approximate
neutron transmission in both cases was 90%. The sample cans
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ABSTRACT: Rapid reorientational motions of the B12H12
2�

icosahedral anion, a key intermediate in borohydride dehydro-
genation, are revealed by quasielastic neutron scattering
(QENS) measurements of Cs2B12H12 between 430 and 530
K. At 430 K, over the range of momentum transfers collected,
the elastic incoherent structure factor (EISF) is consistent with
a model for reorientational jumps about a single molecular axis.
At temperatures of 480 K and higher, however, the EISF
suggests the emergence of multiaxis reorientation by dynami-
cally similar, independent jumps about two axes, on average,
preserving crystallographic order. Alternatively, if one assumes
that the anions are undergoing temperature-dependent rotational trapping, then the EISF is also consistent with a jump model
involving a temperature-dependent mobile fraction of anions statistically tumbling between discrete crystallographic sites. Although
neutron vibrational spectra demonstrate that the anion torsional modes soften dramatically with increasing temperature, the QENS-
derived activation energy of 333 meV for reorientation clearly shows that the anions are not undergoing isotropic rotational
diffusion.
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were sealed with either Pb or In gaskets and subsequently placed
in a He closed-cycle refrigerator for neutron measurements.

All measurements were performed at the NIST Center for
NeutronResearch. TheQENSmeasurements were performed on
the High Flux Backscattering Spectrometer (HFBS)7 with an
incident neutron wavelength of 6.27 Å, momentum transfer (Q)
over a range of 0.2�1.75 Å�1, and a resolution of 0.83 μeV in
most detectors. The quasielastic spectra were reduced and
analyzed using the DAVE8 software package. The vibrational
density of states (VDOS) at 4 K was collected in neutron energy
loss on the Filter Analyzer Spectrometer (FANS)9 with a resolu-
tion of roughly 1 meV, and the VDOS at 100 K and higher were
collected on the Disc Chopper Spectrometer (DCS)10 with an
instrument resolution between 0.4 and 1.2 meV over the energy
range presented. The intensity of the vibrational peaks is deter-
mined by the mean-squared amplitude and the total neutron
scattering cross section of the vibrating atoms.11 Since hydrogen
has a much larger cross section than other isotopes, vibrations
with large hydrogen amplitude produce the most intense peaks.

First-principles calculations were performed within the plane-
wave implementation of density functional theory (DFT) using
the PWscf package.12 Vanderbilt-type ultrasoft potentials were
used with Perdew�Burke�Ernzerhof exchange correlation. A
cutoff energy of 544 eV was found to be enough for the total
energy to converge within 0.5meV/atom. Structure optimizations

were first performed with respect to atomic positions, with the
lattice parameters fixed at the experimental values. Phonon
calculations were then performed on the relaxed structures using
the supercell method with finite displacements.13

’RESULTS AND DISCUSSION

QENS probes hydrogen motion that occurs on the time scale
of 10�8�10�12 s. These motions are observed as μeV
(∼10�2 cm�1) to meV (∼8 cm�1) changes in the energy of
the neutron after collision with the molecular system. QENS
spectra are composed of a strong elastic peak (a delta function
convolved with a Gaussian-like instrument resolution function)
and a broad quasielastic feature (usually fitted with a Lorentzian)
that is a result of energy transfer (both loss and gain) between the
neutron and the molecular system due to hydrogen motion.
Examples of the QENS spectra collected for this system as a
function of temperature are shown in Figure 2.

Temperatures at which the dynamics can be observed are
found by collecting a fixed-window scan, a plot of the intensity of
the elastic line as a function of temperature, shown in Figure 3.
The intensity of the elastic line drops as arctangent as the
quasielastic dynamics becomes broader than the instrument
resolution and enters the quasielastic scattering window.14 The
fixed-window scan clearly shows that all rotational dynamics
faster than 108 jumps/s is occurring well above 300 K. Quasie-
lastic neutron scattering spectra were collected between 430 and
530 K, over the temperature range at which the elastic scattering

Figure 1. B12H12
2� icosahedron. (a) Arrows depict hydrogen jumps about a C2 rotational axis with jump distances of d1 = 3.05 Å, d2 = 4.93 Å, and d3 =

5.80 Å. (b) Reorientational scheme for a C3 rotation with two jump distances: d1 = 3.05 Å and d2 = 4.93 Å. (c) Depiction of reorientation about the C5

axis, in which 10 hydrogen atoms jump, each over a distance of 3.05 Å, and two hydrogen atoms remain static.

Figure 2. Quasielastic neutron scattering spectra (black) collected at
430, 480, and 530 K, shown with fitted functions (red lines) comprised
of a resolution-limited elastic peak (gray), quasielastic Lorentzian peak
(blue), and baseline. These particular spectra were observed at a
momentum transfer of 0.62 Å�1. The error bars representing (1σ are
small and partly obscured by the plot traces.

Figure 3. Fixed-window scan showing the elastic intensity as a function
of temperature. Quasielastic spectra were collected between 430 and 530
K over the temperature range at which the elastic scattering loses
intensity to the quasielastic scattering.
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loses intensity to the quasielastic scattering. The roughly linear
decrease in elastic intensity as the temperature increases is due to
the Debye�Waller factor.

The ratio of the intensity of the elastic and quasielastic
scattering spectral features as a function of neutron momentum
transfer (Q) can provide insight into the geometric mechanism of
the rotational or translational motion. The Q-dependent, elastic
incoherent structure factor (EISF) is the ratio of the elastic peak
area [A0(Q)] to the sum of elastic and quasielastic [A1(Q)] peak
areas

EISF ¼ A0ðQ Þ
A0ðQ Þ þ A1ðQ Þ ð1Þ

in which A0(Q) and A1(Q) are related to the incoherent
scattering function S(Q,ω) by15,16

SðQ ,ωÞ ¼ A0ðQ ÞδðωÞ þ A1ðQ Þ1
π

1
τ

1
τ

� �2

þω2

0
BBBB@

1
CCCCA ð2Þ

in a simple model in which the quasielastic contribution to the
line shape can be represented by a single Lorentzian with a half-
width at half-maximum (HWHM) of (1/τ). In practice, the
observed features consist of S(Q,ω) convolved with the instru-
ment resolution function and offset by a linear baseline.

The experimental EISF data between 430 and 530 K are
shown in Figure 4. It should be noted that in this Q range the
Cs2

11B12H12 sample produces a strong Bragg peak (from coher-
ent scattering) at 0.96 Å�1 and two weaker peaks at 1.12 and
1.58 Å�1. This Bragg contamination manifests itself as increased
elastic intensity at all temperatures in theseQ regions [see Figure
S1 in the Supporting Information]. These regions, designated by
the vertical gray bands in Figure 4, are excluded from analysis.
Figure 4 also depicts the calculated EISFs corresponding to a

series of possible reorientation models for the B12H12
2� icosa-

hedral anion, ranging from discrete rotational jumps around a
single axis, to discrete jumps about two axes, to discrete jumps
around multiple axes resembling a tumbling motion, to isotropic
rotational diffusion. If we ignore the crystal symmetry and focus
on the local icosahedral symmetry of the B12H12

2� anion, there
are three types of symmetry axes to consider, C2, C3, and C5,
around which rotational jumps (of 180�, 120�, and 72�, re-
spectively) leave the apparent orientation of the anion un-
changed. Hence, the following models considered are
(a) discrete reorientational jumps about one of the C2 symmetry
axes of the anion, (b) discrete reorientational jumps about one of
the C3 symmetry axes of the anion, (c) discrete reorientational
jumps about one of the C5 symmetry axes of the anion,
(d) independent reorientational jumps around two axes, either
C3 or C5, on the same time scale, (e) discrete jumps about
multiple axes to any of the other hydrogen positions of the
icosahedron, and (f) isotropic rotational diffusion.

For theC2 discrete-jumpmodel (a), the H atoms jump about a
2-fold (C2) anion axis, preserving crystallographic symmetry.
There are three types of H atoms, one of which jumps a short
distance (d1 = 3.05 Å) on a circle of smaller radius, one of which
jumps a medium distance (d2 = 4.93 Å) on a circle of intermediate
radius, and one of which jumps a long distance (d3 = 5.80 Å) on a
circle of larger radius. This dynamic is illustrated in Figure 1a.
The corresponding EISF

EISFd1, d2, d3C2
¼ 1

2
1þ 1

3
j0ðQd1Þ þ 1

3
j0ðQd2Þ þ 1

3
j0ðQd3Þ

� �

ð3Þ
where j0(x) is a zeroth-order spherical Bessel function equal to
sin(x)/x and takes powder averaging into account. This model is
based on 2-fold jump models developed elsewhere15,17 and is
represented in Figure 4 by the light gray line.

For theC3 discrete-jumpmodel (b), theH atoms jump about a
3-fold (C3) anion axis, preserving crystallographic symmetry.
There are two types of H atoms, one of which jumps a short
distance (d1 = 3.05 Å) on a circle of smaller radius and one of
which jumps a medium distance (d2 = 4.93 Å) on a circle of
intermediate radius. This dynamic is illustrated in Figure 1b. The
corresponding EISF

EISFd1, d2C3
¼ 1

3
½1þ j0ðQd1Þ þ j0ðQd2Þ� ð4Þ

is based on the 3-fold jump model developed elsewhere,15,16 and
a detailed derivation can be found in the Supporting Information.
This model is represented in Figure 4 by the cyan line.

For theC5 discrete-jumpmodel (c), the H atoms jump about a
5-fold (C5) anion axis, preserving crystallographic symmetry.
Two out of 12 icosahedral hydrogen atoms define the 5-fold axis,
remain stationary, and scatter only elastically. This dynamic is
illustrated in Figure 1c. The corresponding EISF is actually
identical to (and indistinguishable from) the EISF for the C3

model with two jump distances (eq 4 and Figure 4). The
derivation of this model is based on the formalism provided by
Dianoux and co-workers18,19 and can be found in the Supporting
Information. The two H jump sites (d1 = 3.05 Å and d2 = 4.93 Å)
in the C5 model are the same as those in the C3 model.

For the two-axis discrete-jump model (d), the two reorienta-
tional motions occur independently of one another and on the
same time scale. In this case the quasielastic scattering function is

Figure 4. Observed EISF values for data collected at 530 (purple stars),
503 (blue squares), 480 (green circles), 457 (orange triangles), and 430 K
(red diamonds) are compared with models for the reorientation
mechanism: Jumps about a C2 axis (light gray line), jumps about either
a C3 axis with two jump radii or jumps about a C5 axis with the two axial
hydrogen atoms static (cyan line), two-axis (C5 and/or C3) reorienta-
tions (pink line), discrete jumps about multiple axes (burgundy line),
and isotropic rotational diffusion (dark gray line). The gray bands
highlight the Q regions that are contaminated by Bragg peaks at 0.96,
1.1, and 1.58 Å�1. The error bars may be smaller than the symbol and
represent an uncertainty of one standard deviation.
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approximately represented by a convolution of the powder-
averaged scattering functions [S(Q,ω)] of the individual motions
about a C5 and C3 axis, two distinct C3 axes, or two distinct C5

axes

SðQ ,ωÞobsinc ¼ SðQ ,ωÞC3
inc X SðQ ,ωÞC5

inc ð5Þ
Since the C3 and C5 models have identical EISFs, the resulting
two-axis EISF is the same, no matter what type of axes are
involved

EISFC3 X C5 ¼ 1
9
1þ 2j0ðQd1Þ þ 2j0ðQd2Þ
�

þ 2j0ðQd1Þj0ðQd2Þ þ j20ðQd1Þ þ j20ðQd2Þ
� ð6Þ

The derivation can be found in the Supporting Information. This
function has a lower minimum than any of the single-axis
functions.

The dynamics by which a proton jumps around multiple axes
(e) to any of the other 11 discrete hydrogen positions at distances
of d1, d2, and d3 (in this case d1 = 3.05 Å, d2 = 4.93 Å, d3 = 5.80 Å)
on the icosahedron surface in an effective tumbling motion is
described by the equation

EISFicosahedron ¼ 1
12
ð1þ 5j0ðQd1Þ þ 5j0ðQd2Þ þ j0ðQd3ÞÞ ð7Þ

The individual terms are weighted by the probability that a site at
that jump distance will be visited. This follows the formalism
presented by Yildirim et al.17 The minimum of this EISF
represents a lower limit for all possible discrete-jump models.

In the isotropic rotational diffusion model (f), the H and B
atoms remain covalently bound and the center of mass remains
static but the rotating H atoms may be located anywhere on the
surface of a sphere of radius r0 = 2.9 Å, the distance between any
H atom on the B12H12

2� icosahedron and its center of mass.
Thus, the anion rotates randomly in its position in the crystal
lattice. The EISF is defined as15,16

EISFiso ¼ j20ðQr0Þ ð8Þ
This EISF is represented in Figure 4 by the dark gray line. The Q
dependence of this dynamic differs from the discrete multiple-
axis jump model only at high momentum transfers, which is
apparent in Figure 4 by a comparison of the burgundy and dark
gray lines.

It is evident from Figure 4 that the experimental EISF data
deviate significantly from the isotropic rotational diffusion, multi-
ple-axis discrete jump, and C2 discrete-jump models. Rather, at
430 K, the lowest temperature measured, the observed EISF is in
good agreement with the curve for either the single-axis C3 or the
single-axisC5model. As the temperature is increased to 457K, the
observed EISF starts to decrease toward the curve representing
the two-axis jumpmodel. At the highest temperatures of 480, 503,
and 530 K, the observed EISFs have decreased further and now
are in good agreement with the curve representing the two-axis
jumpmodel. Hence, within the accessible dynamic window of the
spectrometer employed, there is a clear progression from single-
axis reorientations at 430 K to two-axis reorientations by 530 K.
Moreover, the data suggest that the temperature is not yet high
enough to cause the anions to experience full multiple-axis
tumbling or rotational diffusion.

Although the preceding models fit the temperature-dependent
EISF, the notion of a preferred single axis or two axes of rotation
may seem counterintuitive considering that there are multiple,

crystallographically identical C2, C3, and C5 anion axes within the
cubic lattice. Therefore, one might naturally assume that the
anions would tend to performmultiple-axis jumps described above
by the statistical tumblingmodel (e). Yet, such amodel clearly is in
disagreement with the data at all temperatures measured. None-
theless, if one assumes that the anions undergo some type of
temperature-dependent trapping that renders a fraction (1� p) of
them rotationally immobile, then this will affect the height of the
EISF. In this case, the protons from the immobile fraction would
now only contribute to the elastic scattering intensity. If one
assumes that only the mobile anion fraction (p) undergoes
statistical tumbling, then the resulting EISF would be defined as

EISFtrappingicosahedron ¼ ð1� pÞ

þ p
1
12
ð1þ 5j0ðQd1Þ þ 5j0ðQd2Þ þ j0ðQd3ÞÞ

� �
ð9Þ

It is evident from Figure 5 that with the appropriate temperature-
dependent value of p (0.75 e p e 0.93), eq 9 can describe the
observed EISF over the temperature range measured. Thus, from
theHFBS data alone, it is impossible to establish unequivocally the
fine details of the reorientational mechanism. Indeed, the fact that
the single-axis C3 and C5 models happen to fit the EISF so well at
the lowest temperature cannot be easily dismissed as merely
coincidental. However counterintuitive it may be, there is pre-
cedence in the literature17,20 for single-axis and two-axis reorienta-
tional mechanisms. Low-temperature reorientations of NH4Cl are
found to occur about a singleC3 axis of theNH4

þ cation, but in the
high-temperature phase the reorientation is assigned to C4 and C3

jumps.20 In the low-temperature ordered phase, cubane (C8H8)
appears to reorient by a jump about a single 4-fold axis. In the
disordered phase, the lower-temperature dynamic remains and is
joined by a jump about a C3 axis.

17 Such mechanisms are most
likely driven by correlation effects from the neighboring lattice
participants. It is clear from the magnitude of the reorientational
barriers from simple first-principles calculations (which predict

Figure 5. Observed EISF values for data collected at 430 (red diamonds)
and 530 K (purple stars) are compared with models for jumps about
either aC3 axis with two jump radii or jumps about aC5 axis with the two
axial hydrogen atoms static (cyan line), two-axis (C5 and/or C3)
reorientations (pink line), and multiple-axis discrete-jump tumbling
(dark gray). Also shown are the multiple-axis tumbling model in which 1
out of 4 B12H12

2� ions are in a trapped state (p = 0.75) and scatter only
elastically (dark cyan) and the multiple-axis tumbling model in which
one 1 of 15 B12H12

2� ions are in a trapped state (p = 0.93) and scatter
only elastically (dark blue line).
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overly large values ranging from 2.8 to 5.5 eV; see the Supporting
Information) that the jump rotations of the B12H12

2� anions (with
an observed 333 meV barrier) must be a cooperative barrier-
lowering reorientation involving neighboring anions and cations.
It is not unreasonable to think that a single axis of rotation for a
particular anion can persist for multiple jumps due to correlation
effects before changing to another preferred axis. It is also not
unreasonable to expect that such a single-axis mechanism will
transform to a multiple-axis reorientation mechanism upon in-
creasing the temperature.

As for the possibility of anion trapping, aside from the
considerable presence of impurities or nonbulk-like grain bound-
ary effects, it is not clear to us why any considerable fraction of the
B12H12

2� anions in the cubic lattice would become dynamically
trapped. Granted, temperature-dependent hydrogen trapping
has been known to occur16,21 in solid-state systems with inter-
stitial hydrogen and is attributed to hydrogen�hydrogen inter-
actions within the lattice. Such trapping interactions immobilize a
fraction of the site-hopping hydrogen, manifested clearly in the
observed EISF. Yet, to the best of our knowledge, there are no
good examples of reorientational trapping of otherwise crystal-
lographically identical molecular species. Thus, we think that the
argument is stronger for a rotational mechanism that does not
involve trapping, i.e., the single-axis jump mechanism at 430 K
that starts to become more multiple axis in character at 530 K.

In an effort to shed further light on the nature of the
reorientation mechanism, we measured the low-energy vibra-
tional density of states of Cs2B12H12 from 8 to 20 meV (64 to
160 cm�1). Figure 6 shows the VDOS measured at 4, 100, 300,
and 550 K. The 11.8 and 15.4 meV features at 4 K have been
assigned to the translational and torsional modes, respectively, in
good agreement with the results of previous DFT calculations,4

shown as the gray line in Figure 6. By 550 K, the translational and
torsional modes have shifted roughly 1.6 and 2.4 meV lower in
energy, respectively, both features broadening with temperature.
At 4 K, the anion is primarily in its ground state, so the observed
vibrational features reflect transitions from the ground-state to the
first-excited-state energy levels. As the temperature is increased to
550 K, several higher translational and torsional energy levels
become increasingly populated (N.B., since kT at 12 K is
equivalent to ∼1 meV, kT at 550 K ≈ 46 meV), and the spectra
reflect contributions from a variety of transitions (i.e., 0f 1, 1f
2, 2 f 3, etc.), whose transition energies probably differ some-
what despite being identical in the harmonic case. Hence, these
multiple transitions are at least partially responsible for the
apparent softening and broadening at higher temperatures.

From our QENS data, the quasielastic line widths were fit to a
single Lorentzian and plotted as a function of temperature. These
data were fit with an Arrhenius function (Figure 7) yielding an
activation energy for reorientation of 32.3 ( 1.5 kJ/mol (333(
15meV≈ kT at∼3900 K) and a pre-exponential factor τ0 = (1.4
( 0.5)� 10�13 s. This activation energy is much higher than the
observed torsion transition energy (15.4 meV) indicating that
even at the elevated temperatures used in this study, the 3900 K
barrier is still well above the populated excited-state torsional
levels of the anions. Thus, the relatively high rotational barrier
and the persistence of the torsional feature even at 550 K implies
that there is still a bound oscillation deep within the well.
Furthermore, one can conclude that any anion reorientation
that occurs along the torsion coordinate experiences a large
barrier to jump from near the bottom of one potential-energy
well to the next. In short, the combined QENS and VDOS data
strongly suggest that the icosahedral anions are reorienting via a
jump mechanism rather than by isotropic rotational diffusion.
Jumps occur over a barrier along the torsional mode coordinate
to a minimum that is either a 2π/3 or a 2π/5 rotation (or a π
rotation, if fully tumbling) from the previous configuration.
Again, we are more inclined to think that rotational trapping in
conjunction with statistical tumbling is not occurring. Rather, we
propose that at 430 K rotational jumps occur predominantly
about one molecular axis and between 480 and 530 K about two
molecular axes on average.

Figure 6. Low-energy VDOS of Cs2B12H12 measured by neutron vibra-
tional spectroscopy as a function of temperature. The spectra shown were
collected (from bottom to top) in neutron energy gain at 550 (blue), 300
(black), and 100 K (green) and in neutron energy loss at 4 K (red). The
feature at 11.8 meV (94 cm�1) at 4 K is assigned as a translational
mode and the peak at 15.4 meV (123 cm�1) as a torsional mode. As the
temperature increases, both peaks decrease in energy and broaden. The
experiment is comparedwith the results of a 0 K periodicDFT calculation4

(top, gray). The error bars representing(1 σ are small and obscured by
the plot traces. The spectra are vertically offset for ease of viewing.

Figure 7. Arrhenius fit of the quasielastic line widths (full width at half-
maximum (fwhm)) observed from 430 to 530 K. The fit yields an
activation energy for reorientation of 32.3 ( 1.5 kJ/mol (333 ( 15
meV) and a pre-exponential factor τ0 = (1.4( 0.5)� 10�13 s. The error
bars represent one standard deviation and are calculated by propagating
the error of the quasielastic line width.
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Although the models for the C3 and C5 jump reorientation
produce identical EISFs, the quasielastic contributions to the
scattering are different for each model and in principle could be
used to distinguish between them: the C3 model requires only
one Lorentzian to describe the quasielastic scattering, while the
C5 model requires two Lorentzians, one with a HWHM approxi-
mately 2.5� greater than the other (see Supporting In-
formation). Even though a single Lorentzian provides a good
fit to our observed data at 430 K, it does not eliminate the
possibility of theC5 reorientation. Fits to the quasielastic neutron
spectra at 430 K using the parameters of either the C3 or the C5

model in which the τ is held constant over all Q are presented in
Figure S4 of the Supporting Information. They produce similar
χ2 values and are inconclusive. In any case, the solid-state phonon
calculation of the cubic structure predicts degenerate eigenvalues
for the three torsional normal modes, and appropriate linear
combinations of these eigenfunctions result in the same torsional
energy about any rotational axis, including the C3 and C5 axes.
Hence, at these high temperatures it is unclear a priori which axis
is energetically preferred for reorientational jumps. Ultimately,
sophisticated reaction path calculations would be necessary to
determine the lowest energy reorientation pathway.

’CONCLUSION

Over the temperature range investigated (430�530 K), the
QENS and spectroscopic results suggest that the reorientation
mechanism of the B12H12

2� anions evolves from discrete jumps
around one type of high-symmetry rotational axis (either C3 or
C5) at the lowest temperature of 430 K to a combined mechan-
ism involving, on average, independent (C3 and/or C5) two-axis
discrete jumps between 480 and 530 K. Alternatively, the EISF is
consistent with a jump model involving a temperature-depen-
dent mobile fraction of anions statistically tumbling between
discrete crystallographic sites. Ongoing work will investigate the
dynamics of this anion over a larger range of temperatures and
momentum transfers to further refine our understanding of the
reorientation mechanism.
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